Introduction
============

Circularly polarized luminescence (CPL) refers to photoemission that is enriched with light having a polarization axis rotating either right-handedly or left-handedly.[@cit1] The circular enrichment is quantitated using a luminescence dissymmetry factor *g*~lum~ = 2(*I*~LCPL~ -- *I*~RCPL~)/(*I*~LCPL~ + *I*~RCPL~), where *I*~LCPL~ and *I*~RCPL~ are the light intensities of the left- and right-handed CPL, respectively. Circularly polarized luminescence is valuable for its utility in elucidating various photofunctions. For example, 3D displays with a high luminance are possible using CP electroluminescence,[@cit2]--[@cit4] because the two handedness directions can be used to create binocular disparities with minimal losses in the light intensity.[@cit5] CPL is anticipated to find a broader range of photonic applications, including quantum encryption and security-enhanced optical communications.[@cit6],[@cit7]

Exploiting the photonic utility of CPL requires zero-field emitters that produce high values of \|*g*~lum~\| and photoluminescence quantum yield (PLQY). Lanthanide complexes, such as \[Eu(facam)~3~\] (facam = 3-(trifluoromethylhydroxymethylene)-(+)-camphorate), have been most successful, but their applicability is limited by inflexible syntheses and a lack of tunability.[@cit8] Two strategies have been pursued for the development of molecular CPL emitters. One strategy is based on asymmetric coupling between excitons within a molecular dyad; for example, CPL can be obtained through the asymmetric Davydov splitting of fluorophores, such as perylene diimide,[@cit9],[@cit10] 5,6-biscarbazolylphthalimide,[@cit11] terthiophene,[@cit12] pyrene,[@cit13] anthracene,[@cit14] and azaacene,[@cit15] in chiral arrangements. Exciton coupling is reinforced in aggregate states, leading to improvements in \|*g*~lum~\|.[@cit16] The other strategy used to develop molecular CPL emitters employs molecules bearing helical π-conjugation. Derivatives of helicene,[@cit3],[@cit17]--[@cit27] 1,1′-binaphthalene,[@cit28]--[@cit31] paracyclophane,[@cit32] chiral boron dipyrromethene,[@cit33],[@cit34] cyclic polyaromatic compounds,[@cit35] and chiral complexes of Ir([iii]{.smallcaps})[@cit23],[@cit36]--[@cit38] or Pt([ii]{.smallcaps})[@cit39]--[@cit43] have been found to display CPL activity. Although molecular factors that control the CPL behaviors of these molecules require further resolution, the helical structures may confer magnetic allowance to the electronic transition resulting in CPL emission.

Despite advances in the field, the development of molecular emitters of CPL has remained a significant challenge. The apparently necessary trade-off between \|*g*~lum~\| and PLQY presents a major obstacle to the full utilization of CPL photofunctions (see ESI, Table S1[†](#fn1){ref-type="fn"} for a list of \|*g*~lum~\| and PLQY values reported previously for CPL emitters). In addition, the two strategies tested thus far have required labor-intensive syntheses with poor flexibility for further elaboration. Therefore, there is a strong need for tractable strategies for obtaining CPL with high values of \|*g*~lum~\| and PLQY.

Herein, we report the generation and amplification of circularly polarized phosphorescence from helical assemblies of a simple, achiral molecule. Achiral monocycloplatinated complexes (soldiers) co-assemble into helical nanoribbons with a smaller fraction of chiral monocycloplatinated complexes (sergeants). The helical sense of the assembly is dictated by the sergeant ([Fig. 1](#fig1){ref-type="fig"}). The sergeants-and-soldiers co-assembly strategy improves \|*g*~lum~\| by two orders of magnitude and PLQY by one order of magnitude relative to the \|*g*~lum~\| of the chiral sergeant and the PLQY of the soldier, respectively. Our approach uniquely combines two previous strategies in that both asymmetric exciton coupling and the magnetic allowance in the electronic transition are facilitated in the co-assemblies.

![Molecular strategy to obtaining circularly polarized phosphorescence from superhelical co-assemblies consisting of PtN soldiers and PtBox sergeants.](c8sc04509g-f1){#fig1}

Results and discussion
======================

Chiroptical induction by controlling torsional displacement
-----------------------------------------------------------

Our co-assembly strategy exploits the strong propensity of square planar Pt([ii]{.smallcaps}) complexes to form co-facial stacks. Pioneering studies by the groups of Che, Yam, De Cola, Kato, and Castellano established that the spontaneous assembly is driven by the synergetic effects of a Pt···Pt metallophilic interaction and a π--π interaction among the cyclometalating ligands.[@cit44]--[@cit52] The resulting Pt([ii]{.smallcaps}) assemblies are useful in a variety of applications.[@cit53]--[@cit57] We employed a Pt([ii]{.smallcaps}) complex having two nonyl chains, \[Pt(2-phenylpyridinato)(4,4′-bis(nonyl)-2,2′-bipyridine)\]ClO~4~ (PtN), as a soldier molecule (see [Fig. 1](#fig1){ref-type="fig"} for the structure of PtN). The nonyl chains provided torque that induced torsional displacement along the axis orthogonal to the molecular planes, thereby generating a helical PtN stack. The resulting PtN stacks were pseudo-*atropo*-enantiomeric because the formation of the right-handed (*i.e.*, (*P*)-helical) and left-handed (*i.e.*, (*M*)-helical) stacks was equally probable. Therefore, self-assemblies of PtN alone did not display any chiroptical activities (*vide infra*).

We anticipated that the addition of a chiral analogue of PtN (solider) would induce a Pfeiffer effect and enrich the enantiomeric excess in the helical PtN stacks.[@cit58] The initial PtN helical stack would serve as a homochiral seed for the hierarchical growth of superhelical assemblies because helical inversion is thermodynamically improbable.[@cit59] This strategy is advantageous over previous assembly approaches that employed co-assemblies of chiral gelators and an achiral fluorophore,[@cit60] as it improves both \|*g*~lum~\| and PLQY. In addition, the use of a simple achiral molecule as a CPL unit offers unique benefits over the self-assembly of homochiral CPL emitters.[@cit10],[@cit16],[@cit17],[@cit19],[@cit40],[@cit41],[@cit60]--[@cit70]

As a first step in our study, we performed quantum chemical calculations of a dimeric stack of truncated PtN molecules at the CAM-B3LYP level of theory. The optimized PtN stack possessed the lowest energy metal--metal-to-ligand charge-transfer (MMLCT) singlet and triplet states, indicative of electronic coupling between the two PtN molecules ([Fig. 2](#fig2){ref-type="fig"} and ESI, Fig. S1[†](#fn1){ref-type="fn"}). The MMLCT transition carried a non-negligible magnetic allowance. The electric (*μ*) and magnetic (*m*) transition dipole moments of the MMLCT transition were parallel each other with an angle (*θ*) of 4.54°, yielding a rotatory strength (*R*, *R* = \|*μ*\|·\|*m*\|cos *θ*) as large as 4.8 × 10^--39^ erg esu cm per Gauss (ESI, Fig. S2[†](#fn1){ref-type="fn"}). The parallel disposition between *μ* and *m* markedly contrasts with the cases of single molecular CPL emitters. As expected, the *R* of the MMLCT transition of the PtN stack oscillated between positive and negative values as the top PtN molecule rotated relative to the bottom PtN molecule while maintaining a fixed Pt--Pt distance of 3.7 Å ([Fig. 2](#fig2){ref-type="fig"}). Although this calculation was limited to a dimer,[@cit71] it supported our claim that the chiroptical activities could be controlled by dihedral rotation within the PtN assemblies.

![Torsional control of chiroptical properties. Simulation of the rotatory strength (*R*) of the MMLCT transition as a function of the dihedral angle of a dimer comprising a truncated form of the PtN molecules (top structure). The red oscillatory curve provides a visual guide. Calculation conditions: TD-CAM-B3LYP/LANL2DZ:6-311+G(d,p)//CAM-B3LYP/LANL2DZ:6-311+G(d,p). Twenty states were considered for the TD-DFT calculations.](c8sc04509g-f2){#fig2}

Formation of superhelical co-assemblies by Pfeiffer effect
----------------------------------------------------------

To enable our study, we synthesized an enantiomeric pair of sergeant Pt(II) complexes having chiral bisoxazoline ligands in place of 4,4′-bis(nonyl)-2,2′-bipyridine, \[Pt(2-phenylpyridinato)((+)-2,2-isopropylidenebis((4*R*)-4-phenyl-2-oxazoline))\]ClO~4~ ((*R*)-PtBox) and \[Pt(2-phenylpyridinato)((--)-2,2-isopropylidenebis((4*S*)-4-phenyl-2-oxazoline))\]ClO~4~ ((*S*)-PtBox). These complexes were prepared from a dinuclear cycloplatinated precursor, following the standard chloride abstraction method that employed AgClO~4~ ([Scheme 1](#sch1){ref-type="fig"}). The synthetic procedures are described in the ESI.[†](#fn1){ref-type="fn"} Structural identification data, obtained using ^1^H and ^13^C{^1^H} NMR spectroscopy, high-resolution mass spectrometry, and elemental analyses, were fully consistent with the proposed structures (ESI, Fig. S3--S8[†](#fn1){ref-type="fn"}).

![Syntheses of (*R*)-PtBox, (*S*)-PtBox and PtN.](c8sc04509g-s1){#sch1}

Co-assemblies were grown on quartz substrates by slow evaporation of a 1,2-dichloroethane solution containing PtBox and PtN (2.0 wt% total solute; PtBox : PtN = 2 : 5, w/w) under atmospheric pressure at room temperature. As shown in [Fig. 3a](#fig3){ref-type="fig"}, confocal laser-scanning micrographs (*λ*~ex~ = 405 nm, *λ*~obs~ = 470--700 nm) revealed the formation of homohelical nanoribbons of the co-assemblies. The helical sense was determined exclusively by the identity of the added PtBox; (*R*)-PtBox and (*S*)-PtBox furnished (*P*)-helical and (*M*)-helical nanoribbons, respectively. By contrast, PtN self-assemblies did not contain any helical structures. Helical control over the co-assemblies was further supported by field-emission scanning electron microscopy (FE-SEM) images ([Fig. 3b](#fig3){ref-type="fig"}).

![Chiral amplification in the co-assemblies of PtBox/PtN. The co-assemblies were grown by drop-casting a 1,2-dichloroethane solution (2 wt% total solute) containing PtN and (*R*)- (a1, b1, c1, and d1) or (*S*)-PtBox (a2, b2, c2, and d2) (PtBox : PtN = 2 : 5, w/w). Self-assemblies of PtN were grown identically (a3, b3, c3, and d3). (a) Confocal laser-scanning micrographs of the PtN assemblies prepared in the presence of (*R*)-PtBox (a1) or (*S*)-PtBox (a2) and in the absence of PtBox (a3). *λ*~ex~ = 405 nm. *λ*~em~ = 470--700 nm. (b) FE-SEM images and (c) AFM topographies of the co-assemblies prepared in the presence of (*R*)-PtBox (b1, c1) or (*S*)-PtBox (b2, c2) and in the absence of PtBox (b3, c3). The inset graph depicts the step profile along the black line. (d) 2D GIXD patterns obtained from assemblies of PtN prepared in the presence of (*R*)-PtBox (d1) or (*S*)-PtBox (d2) and in the absence of PtBox (d3). The bottom structures show a monoclinic structure of the PtBox/PtN assemblies established from the 2D GIXD results. The lattice parameters, *a*, *b* and *γ*, are marked in red.](c8sc04509g-f3){#fig3}

Note that the widths of the nanoribbons (2--5 μm) were much greater than the calculated molecular dimensions of PtN (20.8 Å × 9.0 Å). The AFM topographies indicated the formation of assemblies with a step height of 2.2 nm ([Fig. 3c](#fig3){ref-type="fig"}). Obviously, this height was longer than the longest dimension of PtN (*i.e.*, 20.8 Å), which suggested the interdigitation of PtN molecules within the assemblies. The packing structures were elucidated using 2D grazing-incident X-ray diffraction (2D GIXD) studies. As shown in [Fig. 3d](#fig3){ref-type="fig"}, 2D GIXD patterns of the PtN and PtBox/PtN assemblies produced highly oriented X-ray reflections, corresponding to the (*h*00) reflections along the *Q*~*z*~ axis and Braggs peaks vertically along the *Q*~*z*~ direction at a given *Q*~*xy*~. These reflection patterns were indicative of pseudo hexagonal close packing of PtN cylinders. Analyses of the 2D GIXD patterns revealed a monoclinic lattice structure (*a* = 24.66 Å, *b* = 27.09 Å, *γ* = 117°), where the PtN cylinders were oriented parallel to the surface (see the bottom structures in [Fig. 3](#fig3){ref-type="fig"}). On the contrary, an orthorhombic structure developed in the PtN self-assemblies. The X-ray reflection of (001) at *Q*~*xy*~ = 1.708 Å^--1^ (*d* = 3.680 Å) corresponded to the intermolecular distance between PtN molecules within the cylinder. This distance is slightly longer than the lengths of typical Pt···Pt metallophilic interactions (\<3.5 Å),[@cit49] indicating weak d~*z*^2^~--d~*z*^2^~ orbital overlap. However, the distance was consistent with the red-shifted MMLCT emission (*vide infra*).

Amplification of chiroptical properties
---------------------------------------

The co-assemblies included Pt···Pt metallophilic interactions, as was evident by the emergence of the weak MMLCT transition at a wavelength of 500 nm in the UV-vis absorption spectra ([Fig. 4a](#fig4){ref-type="fig"}). ^1^H NMR experiments corroborated this notion (see the results and discussion in ESI, Fig. S9[†](#fn1){ref-type="fn"}). The association constant (*K*~a~) for the PtN assembly was estimated to be \<100 M^--1^, based on the measured concentration-dependent increase in the MMLCT absorbance (ESI, Fig. S10[†](#fn1){ref-type="fn"}). Although the MMLCT transition made non-negligible contribution, as shown in [Fig. 4b](#fig4){ref-type="fig"}, the electronic circular dichroism (ECD) spectra of the co-assemblies were dominated by the strong bisignate signals of the metal-to-ligand charge-transfer (MLCT) band of PtN at a wavelength of 450 nm. The chiral exciton theory dictates that (*P*)-helical co-assemblies displayed a positive Cotton effect, whereas (*M*)-helical co-assemblies displayed a negative Cotton effect.[@cit1] Therefore, judging from the bisignate signals in [Fig. 4b](#fig4){ref-type="fig"}, it was concluded that (*R*)-PtBox/PtN and (*S*)-PtBox/PtN co-assemblies were in (*P*)- and (*M*)-helical sense, respectively. Note that the MLCT transition was unimolecular, whereas the MMLCT transition was supramolecular. These chiroptical behaviors, thus, suggested that the asymmetric coupling among MLCT excitons dominated the magnetically allowed MMLCT transition in the chiral photon absorption process. The ECD signals were devoid of linear dichroism or birefringence because the ECD spectra were invariant under the rotation of the azimuthal angle of the sample (ESI, Fig. S11[†](#fn1){ref-type="fn"}).

![Induction and amplification of electronic circular dichroism (ECD). (a) UV-vis absorption spectra of 10 μM PtN (THF, black) and co-assemblies of (*R*)-PtBox/PtN (2 : 5, w/w; green), and (*S*)-PtBox/PtN (2 : 5, w/w; orange). (b) ECD spectra obtained from self-assembled PtN (black), 50 μM (*R*)-PtBox (THF, blue), 50 μM (*S*)-PtBox (THF, red), or co-assemblies of (*R*)-PtBox/PtN (green) and (*S*)-PtBox/PtN (orange). Absorption dissymmetry factor (*g*~abs~): solution and self-assembly of PtN, 0; (*R*)-PtBox, +3.7 × 10^--5^ (308 nm); (*S*)-PtBox, --4.3 × 10^--5^ (308 nm); co-assembly of (*R*)-PtBox/PtN, +0.020 (500 nm); co-assembly of (*S*)-PtBox/PtN, --0.020 (500 nm).](c8sc04509g-f4){#fig4}

The Kuhn dissymmetry factor *g*~abs~, defined as *g*~abs~ = 2(*ε*~L~ -- *ε*~R~)/(*ε*~L~ + *ε*~R~) (*ε*~L~ and *ε*~R~ are the ellipticity of the left- and right-handed circularly polarized absorption), in the ECD spectra increased in proportion to the amount of PtBox added to form the co-assemblies, and it reached a plateau at PtBox mole fraction (\[PtBox\]/(\[PtBox\] + \[PtN\])) of 0.2 (ESI, Fig. S12[†](#fn1){ref-type="fn"}). This result indicated chiral amplification based on at least four PtN solider molecules following one PtBox sergeant during the growth of the homohelical co-assemblies. The largest *g*~abs~ values were found to be +0.020 and --0.020 at 500 nm for co-assemblies of (*R*)-PtBox/PtN and (*S*)-PtBox/PtN (PtBox : PtN = 2 : 5, w/w), respectively. These values were three orders of magnitude greater than the largest *g*~abs~ for (*R*)-PtBox (*g*~abs~ = +3.7 × 10^--5^) and (*S*)-PtBox (*g*~abs~ = --4.3 × 10^--5^), indicating the effectiveness of the asymmetric exciton coupling of PtN molecules in the co-assemblies (ESI, Fig. S13 and Table S2[†](#fn1){ref-type="fn"}). As expected, self-assemblies of PtN (*i.e.*, no PtBox) did not produce any ECD signals ([Fig. 4b](#fig4){ref-type="fig"}).

The PtBox/PtN co-assemblies produced a broad phosphorescence spectrum with an emission peak wavelength (*λ*~em~) of 615 nm and a phosphorescence lifetime (*τ*~obs~) of 0.24 ± 0.05 μs ([Table 1](#tab1){ref-type="table"}). The phosphorescence emission resulted from the triplet MMLCT transition in the PtN assemblies, which was identical to the emission observed in PtN self-assemblies, and differed from the phosphorescence emission observed from a dilute solution of PtN (*λ*~em~ = 480 nm; 10 μM in 1,2-dichloroethane) (ESI, Fig. S14[†](#fn1){ref-type="fn"}). The photoluminescence excitation (PLE) spectrum corresponding to the 615 nm phosphorescence emission overlapped with the MMLCT absorption band, supporting this notion (ESI, Fig. S15[†](#fn1){ref-type="fn"}). In addition, the transient photoluminescence traces were devoid of a delayed rise-and-decay profile, excluding the possibility that an excimer was responsible for the 615 nm phosphorescence emission (ESI, Fig. S16[†](#fn1){ref-type="fn"}).[@cit72] Neither (*R*)-PtBox nor (*S*)-PtBox molecules displayed chromic shifts upon self-aggregate formation, eliminating the possibility that excitonic interactions among sergeants contributed to the 615 nm phosphorescence emission.

###### Photophysical data for the assemblies of PtN, (*R*)-PtBox/PtN and (*S*)-PtBox/PtN

                                  *λ* ~abs~ [^*a*^](#tab1fna){ref-type="table-fn"} (nm)   *λ* ~em~ [^*b*^](#tab1fnb){ref-type="table-fn"} (nm)   PLQY[^*c*^](#tab1fnc){ref-type="table-fn"}   *τ* ~avg~ [^*d*^](#tab1fnd){ref-type="table-fn"} (μs)   *k* ~r~ [^*e*^](#tab1fne){ref-type="table-fn"} (10^4^ s^--1^)   *k* ~nr~ [^*f*^](#tab1fnf){ref-type="table-fn"} (10^6^ s^--1^)   *g* ~abs~ [^*g*^](#tab1fng){ref-type="table-fn"}   *g* ~lum~ [^*h*^](#tab1fnh){ref-type="table-fn"}
  ------------------------------- ------------------------------------------------------- ------------------------------------------------------ -------------------------------------------- ------------------------------------------------------- --------------------------------------------------------------- ---------------------------------------------------------------- -------------------------------------------------- --------------------------------------------------
  PtN self-assemblies             490                                                     615                                                    0.006                                        0.61                                                    0.98                                                            1.62                                                             N.A.                                               N.A.
  (*R*)-PtBox/PtN co-assemblies   490                                                     615                                                    0.01                                         0.24                                                    4.2                                                             4.1                                                              +0.02                                              --0.064 ± 0.003
  (*S*)-PtBox/PtN co-assemblies   490                                                     615                                                    0.01                                         0.25                                                    4.0                                                             4.0                                                              --0.02                                             +0.050 ± 0.009

^*a*^Absorption peak wavelength.

^*b*^Photoluminescence peak wavelength. Excitation wavelengths = 370 nm (PtN) and 326 nm ((*R*)- and (*S*)-PtBox).

^*c*^Absolute photoluminescence quantum yields determined with employing an integrating sphere.

^*d*^Photoluminescence lifetime obtained after pulsed laser excitation at 377 nm (temporal resolution = 1.6 ns; observation wavelength (*λ*~obs~) = 615 nm) (PtN self-assemblies) and 615 nm (PtBox/PtN co-assemblies). A biexponential decay model was used: photoluminescence intensity = *A*~1~ exp(--*t*/*τ*~1~) + *A*~2~ exp(--*t*/*τ*~2~) + *A*~0~. *τ*~avg~ = (∑*A*~i~*τ*~i~^2^)/(∑*A*~i~*τ*~i~) (*i* = 1--2).

^*e*^Radiative rate constant, *k*~r~ = PLQY/*τ*~avg~.

^*f*^Non-radiative rate constant, *k*~nr~ = (1 -- PLQY)/*τ*~avg~.

^*g*^Absorption dissymmetry factor. *λ*~obs~ = 500 nm.

^*h*^Luminescence dissymmetry factor. *λ*~obs~ = 576 nm.

The enhancement in the PLQY was notable. The absolute PLQY values obtained from both (*R*)-PtBox/PtN and (*S*)-PtBox/PtN co-assemblies *under air-equilibrated conditions* were 0.01, one order of magnitude greater than the value (\<0.001) recorded *in a deaerated solution* of PtN. This increase resulted from the acceleration of the radiative process by the MMLCT transition. Indeed, the radiative rate (*k*~r~) of the MMLCT phosphorescence of the co-assemblies (*λ*~em~ = 615 nm) was 9.8 × 10^3^ s^--1^, whereas a one order of magnitude slower *k*~r~ (0.83 × 10^3^ s^--1^) was obtained for the MLCT phosphorescence of a PtN molecule. The non-radiative rate (*k*~nr~) values of the MMLCT and MLCT transitions did not vary significantly (*k*~nr~ = 1.62 × 10^6^ s^--1^ (MMLCT) *vs.* 0.83 × 10^6^ s^--1^ (MLCT)), indicating radiative control.

In addition to the radiatively boosted PLQY, ultrafast energy transfer from PtBox to PtN contributed to the phosphorescence emission of the co-assemblies. As shown in [Fig. 5a](#fig5){ref-type="fig"}, (*R*)-PtBox and (*S*)-PtBox exhibited long-lived luminescence with *τ*~obs~ values of 3.4 μs and 3.7 μs, respectively. Incorporating PtBox into the co-assemblies significantly shortened *τ*~obs~ by enabling energy transfer to PtN: *τ*~obs~ decreased to 0.011 μs in both (*R*)- and (*S*)-PtBox/PtN. The energy-transfer rates (*k*~ET~s) were estimated to be 9.1 × 10^7^ s^--1^ for both (*R*)-PtBox and (*S*)-PtBox, approximately four and two orders magnitude greater than *k*~r~ (∼10^3^ s^--1^) and *k*~nr~ (∼10^5^ to 10^6^ s^--1^), respectively (see ESI, Table S2[†](#fn1){ref-type="fn"} for the *k*~r~ and *k*~nr~ values). The ultrafast intra-assembly energy transfer was further supported by the observation of increased phosphorescence intensities from co-assemblies containing increased concentrations of PtBox (ESI, Fig. S17[†](#fn1){ref-type="fn"}).

![Amplified circularly polarized phosphorescence. (a) Comparisons of the photoluminescence decay traces of (*R*)- or (*S*)-PtBox in Ar-saturated THF (50 μM) or of the co-assemblies (PtBox : PtN = *x* : 100, w/w; *x* = 1--20), observed at 520 nm after pulsed laser photoexcitation at 377 nm (temporal resolution = 1.6 ns). Top, (*R*)-PtBox; bottom, (*S*)-PtBox. The red curves show fits to a biexponential decay model. The fit results are summarized in ESI, Table S3.[†](#fn1){ref-type="fn"} (b) Steady-state phosphorescence emission (top, *λ*~ex~ = 363 nm) and plots of *g*~lum~ values as a function of the emission wavelength (bottom) for the self-assemblies of PtN (black) and the co-assemblies of (*R*)-PtBox/PtN (green) or (*S*)-PtBox/PtN (orange). The CPL measurements were repeated 50 times for each fresh sample, and the average and standard deviations are shown.](c8sc04509g-f5){#fig5}

The MMLCT phosphorescence disappeared upon heating. An abrupt decrease in the MMLCT phosphorescence emission was observed at 343 K, suggesting the presence of cooperative assemblies of PtN molecules (ESI, Fig. S18[†](#fn1){ref-type="fn"}).[@cit73] The endothermic phosphorescence decrease accompanied losses in the bisignate Cotton effect in the ECD spectra and in the MMLCT absorption in the UV-vis absorption spectra of the (*R*)-PtBox/PtN co-assemblies (ESI, Fig. S19[†](#fn1){ref-type="fn"}). These results suggested thermally activated disassembly. The disassembly temperature could be shifted by varying the length of the alkyl chains in PtN.

As a final phase of our study, circularly polarized phosphorescence was recorded from the co-assemblies over the emission range 500--710 nm using a linear polarizer and a rotating quarter-wave retarder. The validity of our detection method was examined using \[Eu(facam)~3~\] as a standard. Perfect sinusoidal oscillations and identical phosphorescence intensities were obtained from (*R*)-PtBox/PtN and (*S*)-PtBox/PtN assemblies when the axis between the polarizer and the retarder was rotated (ESI, Fig. S20[†](#fn1){ref-type="fn"}), suggesting that linearly polarized emission contributed minimally to the CPL. As shown in [Fig. 5b](#fig5){ref-type="fig"}, the circularly polarized phosphorescence dissymmetry spectra overlapped with the arbitrary phosphorescence spectra obtained without a polarizer and a retarder. The coincidence indicated that the triplet MMLCT state was responsible for the circularly polarized phosphorescence. The *g*~lum~ values of the (*R*)-PtBox/PtN and (*S*)-PtBox/PtN co-assemblies were --0.064 ± 0.003 and +0.050 ± 0.009, respectively. These values were at least one order of magnitude greater than those obtained from (*R*)-PtBox (\|*g*~lum~\| \< 0.001) and (*S*)-PtBox (\|*g*~lum~\| \< 0.001).

Conclusions
===========

We devised and demonstrated the molecular strategy to overcoming the trade-off problem in circularly polarized luminescence. The formation of hierarchical helix assemblies of cycloplatinated complexes improved both the luminescence dissymmetry factor and the quantum yield. The sergeants-and-soldiers principle was employed in the creation of the superhelical assemblies of cycloplatinated complexes. The principle is reminiscent of that employed in chiral nematic liquid crystals;[@cit74] however, the strong Pfeiffer effect associated with the generation and amplification of circularly polarized phosphorescence is unprecedented. The chiroptical amplification was ascribed to both the magnetically allowed MMLCT state for phosphorescence emission and enantiomeric enrichment of the circular polarization *via* absorption through the asymmetrically coupled MLCT states prior to populating the emitting MMLCT state (*vide supra*). Therefore, our co-assemblies were characterized by a unique three level system: Absorption of circularly polarized photons occurred through a transition to the asymmetrically exciton-coupled MLCT state, whereas circularly polarized phosphorescence resulted from the magnetically allowed MMLCT transition (see [Fig. 6](#fig6){ref-type="fig"}). Note that *g*~lum~ and *g*~abs~ values for the co-assemblies had opposite signs. The reversal in the dissymmetry factors may support our claim that the MLCT and MMLCT transitions associated with absorption and emission of CPL, respectively, functioned independently of one another. It is envisioned that decoupling the chiroptical absorption and emission processes could expand our ability to control circularly polarized light.

![Plausible mechanism underlying the photophysical processes that produce circularly polarized phosphorescence in the co-assemblies.](c8sc04509g-f6){#fig6}
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